Despite its widespread occurrence in animals, sperm competition has been studied in a limited range of taxa. Among the most neglected groups in this respect are internally fertilizing ¢sh in which virtually nothing is known about the dynamics of sperm competition. In this study, we examined the outcome of sperm competition when virgin female guppies mated with two males. Behavioural cues were used to ensure that each male mated once (with female cooperation) and that sperm were successfully inseminated at copulation. Two polymorphic microsatellite loci were used to estimate the proportion of o¡spring sired by the second male (P 2 ) and the results revealed a bimodal distribution with either ¢rst or (more often) second male priority. The observed P 2 distribution di¡ered from that expected under the`fair ra¥e' model of sperm competition. Random sperm mixing is therefore unlikely to account for the observed variance in P 2 in this study. A further aim of our study was to identify predictors of male reproductive success. Using logistic linear modelling, we found that the best predictors of paternity were time to remating and the di¡erence in courtship display rate between ¢rst and second males. Males that mated quickly and performed relatively high numbers of sigmoid displays obtained greater parentage than their slower and less vigorous counterparts. Since females are attracted to high-displaying males, our results suggest that female choice may facilitate sperm competition and/or sperm choice in guppies.
INTRODUCTION
It is now recognized that sperm competition (Parker 1970 ) is ubiquitous in the animal kingdom, occurring in taxa as diverse as birds, insects, amphibians, mammals and ¢sh (Smith 1984; Birkhead & MÖller 1998) . Indeed, with the aid of paternity markers even species previously thought to be strictly monogamous have been shown to mate promiscuously (e.g. Birkhead & MÖller 1992) . Theory predicts that a male's fertilization success will increase proportionately with the number of his sperm relative to that of other males (Parker 1990; Parker et al. 1990) . In support of this prediction, comparative studies across a wide range of taxa have shown that male ejaculate expenditure is higher in species experiencing high levels of sperm competition (Harcourt et al. 1981; Stockley et al. 1997) . A number of studies have also shown that individual males have the ability to adjust their ejaculate size according to the magnitude of the sperm competition they face (Gage 1991 (Gage , 1995 Fuller 1998) .
One of the primary objectives of researchers working on sperm competition (in internally fertilizing species) is establishing patterns of paternity when two males mate consecutively with a female (e.g. Birkhead & MÖller 1998) . Usually, paternity patterns are described in terms of second (or last) male sperm precedence (P 2 ), that is the proportion of o¡spring sired by the second male to mate (Boorman & Parker 1976) . The majority of studies on sperm precedence have been con¢ned to insects (Gwynne 1984; Simmons & Siva-Jothy 1998) and birds (Birkhead & MÖller 1992) and very little is known about the patterns of paternity in other groups of internal fertilizers. This is particularly true of ¢sh in which the outcome of sperm competition in internal fertilizers has never been studied in detail (Petersen & Warner 1998) . In the poeciliids, for example, sperm competition is known to be intense (Hildemann & Wagner 1954; Constantz 1984; Zane et al. 1999) but is nonetheless poorly understood. Among these, the guppy has been the subject of intense study, particularly relating to the evolution of secondary sexual characters through female choice (Houde 1997) . Guppies have a promiscuous mating system in which female choice plays an important role (Kodric-Brown 1985; Houde 1987) . As virgins and during their brief receptive phase (which is approximately monthly), female guppies solicit copulations from several males (Houde 1997; Evans & Magurran 2000) and subsequently produce mixed-paternity broods (Hildemann & Wagner 1954; Kelly et al. 1999) . Female guppies store sperm for several months within the folds of their ovaries (Constantz 1984) where they are nourished by extracellular ovarian sugars (Gardiner 1978) .
In order to attract females, male guppies use a highly conspicuous courtship posture that is known as a sigmoid display (Baerends et al. 1955; Liley 1966) . This display serves to show o¡ the male's coloration and may signal viability (e.g. Nicoletto 1993) or fertility (Matthews et al. 1997) . In addition, males employ the sneaky mating tactic, which is termed gonopodial thrust, in order to circumvent female choice. Gonopodial thrusts are forced copulations that are not preceded by a courtship display and in which the male attempts to thrust his gonopodium (the intromittent organ) into the female's genital pore (Baerends et al. 1955; Liley 1966) . While both strategies are used interchangeably (and continually) by individual males, the degree to which either tactic is employed can depend on several factors including social environment (Rodd & Sokolowski 1995; Evans & Magurran 1999) , predation pressure (Endler 1987; Magurran & Seghers 1990; Dill et al. 1999) and female receptivity (Liley 1966) .
Some of the earliest work on sperm competition was performed using poeciliids as a model system. Indeed, long before the term sperm competition was coined, Winge (1937) noted that multiply mated female guppies gave birth to successive broods over several months. Later work examined the pattern of sperm precedence when post-partum females subsequently mated with a second male. This work uncovered a strong last male advantage and suggested that fresh sperm were at a competitive advantage over previously stored sperm (Hildemann & Wagner 1954; Matthews 1998 ). However, no study has examined the outcome of sperm competition when two ejaculates are inseminated within the same brood cycle. Furthermore, although the number of stripped sperm correlates with several male traits including courtship intensity (Matthews et al. 1997) and body size (Pilastro & Bisazza 1999) , it is not known whether these predict male reproductive success accurately. The aims of the present study were therefore to examine paternity patterns when receptive virgin females were sequentially paired with two randomly chosen males and to relate these patterns to several male traits with the aim of uncovering possible predictors of male reproductive success.
METHODS
(a) The study population and its maintenance
The guppies used in this experiment were descendants of wild-caught ¢sh from the lower Tacarigua River in Trinidad, a high-predation site in which guppies coexist with the pike cichlid Crenicichla alta (Magurran & Seghers 1994) . In common with male guppies inhabiting other high-predation rivers, those in the lower Tacarigua River are characterized by low levels of carotenoid coloration (see Endler 1980) . The high fecundity of ¢sh from such high-predation populations (e.g. Reznick & Endler 1982 ) makes them well suited for parentage studies such as the one described here.
Virgin females were reared for this experiment in single-sex groups as soon as they became morphologically distinguishable from males (approximately ¢ve to six weeks) (see Houde 1997) . The male guppies used in this study were maintained in mixedsex aquaria (ca. 1:1 sex ratio) until used in the experiment. On the morning of the mating trials all ¢sh were fed to satiation with commercially prepared £ake food (TetraMin).
(b) Mating trials
Mating trials took place between 09.00 and 11.00 h in an aquarium (60 cm Â 30 cm Â 38 cm) containing gravel, a small clump of Java moss (Vesicularia dubyana) and an air ¢lter. The tank temperature was maintained at 25 AE 0.5 8C and light was provided by an 18 W £uorescent bulb on a 12 L:12 D cycle. Virgin female guppies aged six months and approximately matched for size were used for the mating trials. In each trial, a female was sequentially paired with two randomly chosen males taken from stock aquaria. Copulation success was judged according to Liley's (1966) detailed description of guppy mating behaviour. Copulations were considered successful only if they were followed by post-copulatory jerks by the male. Such jerking movements by male guppies are highly conspicuous and invariably signal sperm transfer (Liley 1966) . Post-copulatory jerks usually last several minutes and are followed by a refractory period that can last up to 1h (Houde 1997) . Copulations not followed by post-copulatory jerks do not result in successful sperm transfer (Liley 1966) and males immediately resume courtship after such attempts (authors' personal observation).
The protocol for the mating trials was simple: each female was allowed to settle overnight in the mating arena and on the following morning a male (male 1) was carefully placed into the tank. As soon as the pair successfully copulated, male 1 was removed and placed in a small holding tank (30 cm Â 20 cm Â 22 cm) for ¢ve days in order to replenish his sperm reserves prior to measuring his behaviour and sperm number (see below). At this point, the time taken for male 1 to copulate successfully with the female was noted. Exactly 1h after male 1 had copulated, a second male (male 2) was placed in the tank and was observed until he successfully inseminated the female. The time taken for the second male to mate was recorded. After copulation, male 2 was removed and placed with male 1 in the holding tank for ¢ve days. Each male's colour pattern was then sketched to aid subsequent recognition of the ¢sh. If male 2 did not copulate successfully with the female within 30 min he was replaced by a third male. If this third male was successful, the time taken for him to mate (from introduction to copulation) was recorded. In practice, only three of the successful mating trials (where females were double mated) involved a third male. If the third male was unsuccessful, the trial was terminated and the female and (three) males were returned to a stock tank. Females and males from failed trials played no further part in subsequent mating trials. The 1h gap between matings was necessary in order to allow the female to settle and resume normal swimming and foraging activities. In all cases matings were initiated by the female and did not result from forced copulations by males.
A total of 55 mating trials were performed yielding 30 successful double matings. The female was only inseminated once by each male in each of these successful trials and the interval between matings never exceeded 2 h. Following double matings, females were isolated in plastic bottles (4 l volume), each containing a small clump of Java moss and an airstone, until the production of their ¢rst brood. Twenty-one of the 30 double-mated females gave birth to broods, of which 19 comprised three or more o¡spring (mean brood size 7.9 AE 0.72 s.e.). Only broods containing three or more o¡spring were used for the paternity analysis. In practice, only one brood comprised three individuals; all other broods contained at least four o¡spring.
(c) Estimating P 2 Second-male sperm precedence (P 2 ) was estimated using two polymorphic microsatellite DNA markers speci¢cally designed for poeciliids. The ¢rst, which was isolated and characterized by J. S. Taylor and F. Breden (unpublished data) (GenBank accession number AF164205), had a core (TAA) n repeat with primer sequences 5'-GTG ACC GAA CGA AAG GAT A-3' and 5'-CCC CAA AGG AAC ACT GTA-3'. The second locus (Pooc-G49) was isolated by Parker et al. (1998) (accession number AF026459) and had a (GT) 6 , GC, (GT) 4 , GC, (GT) 7 repeat with primer sequences 5'-CAT AGA TTC TGC AGG CAG TG-3' and 5'-CTC AGT GAC TAT AAG GCC AAC-3'.
After giving birth, females were anaesthetized in a water bath containing 0.4 g l 71 benzocaine (ethyl p-amino benzoate). When fully subdued, each female's standard length was recorded and a small clipping (ca. 25 mg) was taken from her caudal ¢n. Fin-clipped females were revived in conditioned fresh water (Stress Coat 1 , Aquarium Pharmaceuticals, Inc., Chalfont, PA, USA) and placed in stock aquaria. Juveniles were too small to survive the ¢n-clipping procedure and were therefore humanely killed in a water bath containing a lethal dose of benzocaine. Caudal ¢n tissue was taken from the two putative sires after observing their behaviour and stripping their sperm (see ½½ (d) and (e) below).
Genomic DNA was extracted from the tissue samples taken from each family (two putative sires, mother and o¡spring) using a rapid, one-tube extraction method (Estoup et al. 1996) . Polymerase chain reaction (PCR) ampli¢cations were performed on a PTC-100 thermal cycler (MJ Research, Inc., Incline Village, NV, USA). Reaction volumes of 10 ml for the ¢rst (TAA) n locus consisted of 1.6 ml of DNA template, 0.07 ml of each dNTP (each dNTP 10 mM), 2.0 mM MgCl 2 , 5 pmol of each primer pair and 0.4 units of Taq polymerase (Promega, Southampton, UK). Thermal cycles consisted of 1min at 95 8C followed by 27 cycles at 52 8C for 30 s, 72 8C for 30 s and 95 8C for 10 s. A terminal extension step of 5 min at 72 8C completed the programme. The PCR conditions for Pooc-G49 were identical except for an annealing temperature of 63.2 8C and an MgCl 2 concentration of 1.5 mM. PCR products were resolved on 6% polyacrylamide gels (Sambrook et al. 1989) and paternity was assigned according to allele sharing between putative sires, mother and o¡spring.
A total of 146 o¡spring were genotyped, of which 134 (91.8%) could be unambiguously assigned to one of the putative sires. The results of the paternity analysis were`blind' checked by an impartial observer not involved in the study but experienced in gel-scoring techniques. O¡spring that could not be unambiguously assigned to one of the two males (n 12) using both microsatellite loci were not included in the subsequent paternity analysis. Four of the 12 o¡spring for which paternity could not be assigned constituted an entire brood and therefore a total of 18 families were used in the ¢nal analysis.
(d) Male mating behaviour
Five days after the mating trials, pairs of males from each trial were moved into an observation tank (45 cm Â 30 cm Â 30 cm) containing two unfamiliar, non-virgin females already acclimatized to the tank (ca. 24 h). The observation tank contained gravel, moss and an air ¢lter. Male courtship behaviour (sigmoid display and gonopodial thrust rate) towards the two females was recorded over a 10 min period as soon as the males settled into the tank and commenced courtship. Sigmoid displays were recorded when the focal male moved in front (or to one side) of the female, arched his body in a pronounced Sshape and quivered (Baerends et al. 1955; Liley 1966) . Gonopodial thrusts were recorded when the focal male attempted to make (or succeeded in making) physical contact with a female's genital region without her cooperation.
(e) Sperm counts
Following behavioural observations, male pairs were humanely killed in a water bath containing a lethal dose of benzocaine. After removing excess water from each male, standard length ( AE 0.1mm) was determined and sperm were extracted. In order to strip sperm, each male was placed on an inverted Petri dish under low-power magni¢cation. The gonopodium was swung forward and gentle pressure was applied to the abdomen just anterior to the base of the gonopodium (where the testes are located). This procedure released sperm in the form of spermatozeugmata (sperm bundles) and was repeated in order to ensure that all sperm bundles were extracted. Following removal, sperm bundles were drawn up a Gilson TM pipette and added to 100 ml of 0.9% saline solution. The samples were repeatedly drawn up and expelled from the pipette in order to break down the sperm bundles and distribute sperm cells evenly. Sperm count was estimated by counting sperm cells on aǹ improved Neubauer chamber' haemocytometer under Â 400 magni¢cation. The distribution of sperm cells across the haemocytometer was checked visually for evenness before counts commenced. The number of sperm was determined by multiplying the mean sperm count (from ¢ve counts) by the sample's dilution factor and initial volume. Sperm counts were expressed as the total number of spermatozoa per stripped ejaculate.
(f) Analysis
Second male paternity (P 2 ) was estimated by determining the proportion of o¡spring within each brood sired by the second male to mate. Observed values of P 2 were compared with theoretical expected values of sperm precedence based on a model assuming random sperm mixing ). Assuming a`fair ra¥e' in which individual sperm from both males have an equal chance of fertilizing ova and are not used preferentially by the female, the probability of second male paternity will be P 2 S 2 /(S 1 + S 2 ), where S 1 and S 2 represent the number of sperm ejaculated by the ¢rst and second males, respectively. Recent work has suggested that the number of stripped sperm is a good predictor of ejaculate size in guppies (Pilastro & Bisazza 1999) and, therefore, values of S 1 and S 2 were estimated by comparing the mean (stripped) sperm counts from ¢rst and second males. This generated a range of expected P 2 -values for each of the 18 families tested. The mean and standard deviation of these data were used to generate a normal curve (see line in ¢gure 1) that was compared with the observed P 2 distribution (bars in ¢gure 1) using a Kolmogorov^Smirnov goodness-of-¢t test (see Cook et al. 1997) .
Generalized linear regression was used to determine whether the independent variables measured for each male (sperm number, sigmoid rate, thrust rate, body size and time to remating) signi¢cantly a¡ected P 2 . Because P 2 data are proportional, they were analysed using logistic modelling with a logit link function (Genstat 5 Committee 1993) . Four of the independent variables represented di¡erences in the explanatory variables between ¢rst and second males (i.e. male 2 trait minus male 1 trait). The ¢fth independent variable to be ¢tted into the model was time to remating (which is the time from introduction to copulation for secondöor thirdömales). Male 2 success and failure (success was the number of o¡spring sired by male 2 within each brood and failure the number sired by male 1) were entered as the binary response variable.
RESULTS
(a) Pattern of P 2
The proportion of o¡spring sired by the second male ranged from 0 to 100% (mean AE s.d. 0.64 AE 0.45) and clearly showed a bimodal distribution (¢gure 1). The number of stripped sperm did not di¡er signi¢cantly among ¢rst and second males (t 34 0.53 and p 0.60) and these data provided the basis for the expected P 2 distribution under the fair ra¥e model of sperm competition. The expected and observed distribution of P 2 di¡ered signi¢cantly (Kolmogorov^Smirnov goodness-of¢t test, D 0.5 0.56, n 18 and p 5 0.01) (¢gure 1), suggesting non-random mixing of sperm. There was either ¢rst or (more often) last male priority and in no instance was paternity shared equally by both males.
(b) Predictors of fertilization success Table 1 shows the results from the logistic linear regression and reveals that time to remating and relative di¡er-ences in sigmoid rate among competing males accounted for more than 63% of the deviance in the model. Relative male size showed a sequence e¡ect when entered into the model and was non-signi¢cant if relative di¡erence in sigmoid rate among male pairs was entered ¢rst (table 1) . This arises because the sigmoid rate and body size were correlated in this data set; the time to remating and relative di¡erences in the sigmoid rate were always signi¢cant irrespective of input order. Figure 2 shows the ¢tted curves for the sigmoid rate and remating interval and reveals that males who performed relatively more sigmoids obtained greater parentage (¢gure 2a) with P 2 declining rapidly when the time to remating exceeded 15 min (¢gure 2b).
Because the distribution of P 2 was bimodal in this data set, individual males could be classi¢ed as successful (sired more than 50% of the brood) or unsuccessful (sired less than 50% of the brood) (e.g. Wedell & Cook 1998 ). On average, successful males mated 7.1 ( AE1.4 s.e.) min after being introduced to the female. However, unsuccessful males took an average of 14.6 ( AE3.5) min to copulate (two-tailed t-test comparing mean time to mating for successful and unsuccessful males, t 32 1.98 and p 0.062). Interestingly, successful males had similar sperm counts (stripped ejaculate size 3.65 Â10 6 AE 0.45 s.e.) to unsuccessful males (3.36 Â10 6 AE 0.58) (t 34 0.4 and p 0.69). Furthermore, successful males were no larger than their unsuccessful counterparts (t 34 0.36 and p 0.72), nor did they have higher rates of gonopodial thrusting (t 32 0.28 and p 0.78).
DISCUSSION
In summary, this study of sperm precedence in guppies revealed a bimodal distribution of paternity that was slightly skewed towards second males. Our subsequent analysis showed that the outcome of sperm competition did not occur by random sperm mixing following a fair ra¥e ). Interestingly, sperm number was not a good predictor of fertilization success. Instead, the logistic regression analysis revealed two predictors that together explained a signi¢cant proportion of the variance in P 2 . The speed with which females mated with second males signi¢cantly a¡ected the outcome of paternity, with P 2 declining as the time to remating increased. We also found that males with relatively high sigmoid display rates sired proportionately more o¡spring than less vigorous males. The skew towards second males in the distribution of paternity may have been a consequence of the experimental design in which females were able to choose whether or not to copulate with either of the two males. In the case of ¢rst males, all females invariably copulated with them in a matter of minutes. Indeed, virgin females often mate indiscriminately when ¢rst encountering a male (Houde 1997) . However, females were more reluctant to mate with subsequent males (as aptly demonstrated by our di¤culty in achieving a high number of successful double matings) and the skewed pattern of paternity towards second males may have been a consequence of females choosing to remate with superior males. This form of`trading up ' (e.g. MÖller 1992 ) is common in birds and may account for the widespread occurrence of last male sperm precedence reported in several avian studies (Birkhead & MÖller 1992) . It would be interesting to examine the outcome of paternity in cases where females are denied the choice of partner (e.g. using arti¢cial inseminationösee below) in order to determine whether a skewed pattern still persists in absence of female choice.
Our results revealed a negative association between time to remating and P 2 . Possible explanations for negative relationships between remating interval and P 2 have been discussed for insects, where similar results have been obtained (see the review by Simmons & Siva-Jothy 1998) . For example, Retnakaran (1974; cited in Simmons & Siva-Jothy 1998) and Allen et al. (1994) suggested that, when a female's sperm storage organ(s) are ¢lled by the ¢rst male's sperm, P 2 would be zero because there would be no room for sperm from subsequent males. However, shortening the remating interval beyond a critical point could result in a reversal of this pattern (i.e. high P 2 ) if the ¢rst male's sperm had not reached the storage organ (or site of fertilization) and the ejaculate from the second male was better positioned to do so ¢rst. Clearly this is one of several possible mechanisms that might account for the observed pattern of P 2 in our study. A ¢rst and crucial step towards elucidating such mechanisms is to understand the complex processes of sperm transfer, storage and fertilization. These are clearly challenges for further study.
Although the mechanisms underlying the distribution of paternity in this study remain to be investigated, the fact that time to remating (our strongest predictor) was under female and not male control highlights the role that females play in in£uencing the paternity of their broods. Male courtship intensity and the time to remating may be linked because males with high display rates are likely to attract females more quickly (Nicoletto 1993). We know from an earlier study that sigmoid display rate correlates positively with sperm production in male guppies from the lower Tacarigua River population (Matthews et al. 1997) . In that study, Matthews et al. (1997) proposed that females use pre-copulatory mate choice cues in order to assess male fertility and argued that males with high sigmoid rates would be successful during sperm competition. The results presented in the current study support this prediction but suggest that sperm number is not necessarily the most important component of sperm competition success in guppies. We found that the number of stripped sperm did not di¡er between successful and unsuccessful males and that the observed pattern of sperm precedence was not consistent with random sperm mixing. However, our estimate of ejaculate size was based on the use of stripped ejaculates and not natural ejaculates delivered at copulation. Thus, we cannot rule out the possibility that males were exerting control over their ejaculate size during the mating trials, for example in response to olfactory cues from the female. While recent work has suggested that the size of stripped ejaculates reliably predicts natural ejaculate size in guppies (Pilastro & Bisazza 1999) , future work should determine whether males can facultatively adjust their ejaculate size and to what extent.
It has been argued that strong bimodal distributions of P 2 , such as the one presented in this study, are suggestive of female choice of ejaculates (e.g. Cook et al. 1997 ). Given the current, intense interest in post-copulatory female choice (Eberhard 1996 (Eberhard , 2000 Birkhead , 2000 Pitnick & Brown 2000) , guppies are an ideal species in which to investigate this topic further. For example, arti¢cial insemination would be a useful approach in determining whether`high-quality' males achieve disproportionately high reproductive success when the insemination event is uncoupled from pre-copulatory mate choice cues (e.g. body ornamentation and courtship display). Such an experiment would enable researchers to assess the relative importance of male and female roles in sperm competition whilst controlling for possible confounding e¡ects such as mating order, sperm number and mating interval (see Birkhead 2000) . Arti¢cial insemination would also control for the potentially confounding e¡ect of poor (or`sloppy') sperm mixing, which may also a¡ect subsequent distributions of paternity (Harvey & Parker 2000) . We strongly advocate the development and implementation of such an approach in future studies of sperm choice and sperm competition in guppies.
